Abstract.-The emerging field of phylogenomics is influencing both the amount and type of characters being brought to bear on long-standing problems in systematic biology. Moreover, the proliferation of sequence information from genome projects in concert with the development of new informatics tools is widening access to comparative data on retroelements to a broad cross section of investigators. Motivated by this, the Society of Systematic Biologists sponsored a symposium entitled "Genome Analysis and the Molecular Systematics of Retroelements," and the resulting papers illustrate this theme of new discoveries and cover three basic areas of research: (i) the taxonomic distribution and phylogenetic structure of families of retroelements; (ii) the use of SINE and LINE insertions for phylogenetic inference; and (iii) the informatics and classification of repetitive elements. Contributions of each article are briefly discussed in this context and particularly fruitful directions for future research illuminated by results of this symposium are reviewed. [Interspersed repeat; LINE; phylogenomics; retroelements; SINE; transposable element.] SUMMARY AND PROSPECTUS
Closer to the Arctic Circle than anyone might have expected, a group of leading international experts gathered for a symposium entitled "Genome Analysis and the Molecular Systematics of Retroelements/' held at the annual meeting of the Society of Systematic Biologists (SSB) in June 2005 at the University of Alaska in Fairbanks. It was the first time a number of the participants had attended the SSB Annual Meetings in part because the past 20 years of literature on the molecular evolution of retroelements has been largely rooted in biochemistry, cell biology, and medicine. Retroelements are broadly defined here as mobile repeats found interspersed throughout eukaryotic genomes that rely on an RNA intermediate to undergo amplification and relocation in the host genome from a parent to target locus. As we attempt to manage the biodiversity of organisms as a critical natural resource and resolve the tree of life in the era of genomics, and in particular as the medical industry continues to drive down the cost of whole-genome sequencing, investigators can now begin to more thoroughly integrate advances in genome research with the principles of systematic biology. The emergence of the field of "phylogenomics" provides a wealth of opportunities for comparative biologists to bring both more and new types of character data to bear on solving longstanding problems in systematic biology (Edwards et al., 2005; Shedlock et al, 2006) . It was in this spirit of exploration and integrative biology that the SSB symposium on retroelements was conducted, and has produced the series of featured articles in the present issue of Systematic Biology.
Whether we like it or not, well over half of our genotype is filled with selfish molecular parasites and their dead, fossilized remains ( Fig. 1 ; Lander et al., 2001) . As the chief architects of genomic diversity, retroelements have become a target for understanding the evolutionary dynamics of chromosomal DNA (Batzer and Deininger, 2001; Brosius, 1991; Kazazian, 2004; Weiner, 2002) and have been highlighted as prime examples of genetic conflict in action (Burt and Trivers, 2006) . On the other hand, recent studies indicate that retroelements may be routinely co-opted as functional units and subsequently incorporated into highly conserved novel gene regulatory networks (Bejerano et al., 2006; Nishihara et al., 2006; Xie et al., 2006) , thereby blurring traditional cut-anddry boundaries between functional and nonfunctional compartments of the genome. The relative abundance of retroelements is uneven among eukaryotes due to a variety of historical factors such as rates of amplification, removal from large-scale deletion, and variation in levels of point mutation (Fig. 2) . This diversity and uneven taxonomic distribution facilitates their use as genetic markers for some species but also limits their practical application to a variety of problems in systematic biology (see reviews by Shedlock and Okada, 2000; Shedlock et al., 2004) . The effective application of retroelements as phylogenetic tools depends on our understanding of both their diversity among species and an understanding of how they have evolved within species. In this respect, the systematics of the elements themselves reciprocally illuminates their use as characters to infer common ancestry among host species or the genetic structure of populations. In this vein, the symposium papers featured in the present issue of Systematic Biology present results on a variety of taxonomic scales that are united by testing evolutionary hypotheses within a phylogenetic framework and by genomics-enabled approaches to investigation.
Featured Symposium Articles
The scope of the present symposium series of articles can be broken down into three major categories that complement each other: (1) The molecular evolution and phylogenetic structure of retroelement families; (2) the :ein-coding Genes 2% FIGURE 1. Pie chart indicating approximate percentages of different structural components of the human genome. Note repetitive elements account for roughly half of the genome in addition to decayed elements that may contribute to other noncoding components. Data after Lander et al. (2001) .
use of SINE and LINE insertion patterns to infer common ancestry among host lineages; and (3) the informatics and classification of interspersed repeats in plant and animal genomes.
The first category is represented by three articles. Irina Arkhipova presents the first phylogenetic treatment of Penelope-\ike elements, which are notably ancient in their origin and possess a suite of unique features such as the ability of some groups to retain introns. The largest single component of mammalian genomes, the LINE-1 family, is surveyed comprehensively across deuterostomes by Dusan Kordis and colleagues to describe macroevolutionary trends in this family of retroelements, contrasting FIGURE 2. Chart of variable percentages of different major repeat types for a diversity of published whole genome assemblies (Hillier et al., 2004; Holt et al., 2002; International Rice Genome Sequencing Consortium, 2005; Jaillon et al., 2004; Kirkness et al., 2003; Lander et al., 2001; Waterston et al., 2002) . SSR, simple sequence repeat; LTR, long-terminal-repeat retrotransposon; SINE, LINE, short and long interspersed elements. patterns of diversity apparent before and after the origin of tetrapods. And the ancient chicken repeat-1 (CR1) elements that have a phylum-wide distribution are investigated by myself in the sister group of birds and mammals to reveal substantial but largely unexplored subfamily diversity apparent in nonavian reptilian clades.
Two papers highlight different aspects of using insertion patterns of retroelements to infer the common ancestry of species. A large empirical study by Sasaki and colleagues exemplifies the standards for employing the SINE method of phylogenetic inference developed extensively in nonmodel species by Norihiro Okada's laboratory. The study not only resolves the relationships of Old World freshwater turtles using a large number of independent loci, but reveals patterns of morphological convergence and rapid speciation in some clades that have confounded a clear understanding of the evolutionary history of these highly modified reptiles. David Ray and colleagues from Mark Batzer's group have reviewed the extensive body of data available for more than 11,000 primate-specific Alu SINEs. Their evaluation of homoplasy based on parallel insertions, precise excisions, and lineage sorting artifacts informs the debate regarding the importance of these misleading events that collectively violate critical assumptions inherent to constructing cladograms with LINE and SINE insertions.
Lastly, two articles highlight the rapidly expanding role of bioinformatics that is helping systematists find new informative retroposon loci and also underscore the challenges to classifying a proliferation of new elements being discovered in the wake of genomics. Colleagues led by Jurgen Schmitz in the Brosius Laboratory showcase the performance of their newly developed computer program, CPAL, for isolating informative SINEs from the wealth of genomic information now available for rodents. These authors integrate in silico results with experimental confirmation using PCR amplification of target loci in species representing major rodent clades. The status of SINE analysis in plants is reviewed by Deragon and Zhang, emphasizing the complexities unique to understanding the evolution of plant retroelements. The diversity of plant SINEs is largely underutilized for studying the systematics of crop species, although groundbreaking examples have been published for rice and members of the Brassicaceae. A phylogenetic analysis is used to compare evolutionary histories of SINE families between Brassica and Arabidopsis genomes and to propose a new classification of 15 plant SINE families in an effort to clarify existing taxonomic confusion.
FUTURE RESEARCH
Successful symposia not only generate insights from new results but help illuminate directions for future research. Presently the glut of empirical results on retoelements far exceeds a theoretical framework for modeling SINE and LINE evolution. The wealth of genome-scale information on primate-specific Alu SINEs has supported such efforts and has led to advances in our understanding of the multiple-source gene model operating for SINEs in primates (Cordaux et al, 2004; Han et al., 2005) . Katzourakis et al. (2005) recently investigated a model for the dynamics of human endogenous retroviruses (HERVs) within a genome which allows for changes in the number of active elements over time, extending a fixed source-gene model proposed by Walsh (1985) . It would be useful to adapt and extend the HERV model to the study of LINE or SINE elements among multiple species. A multiple-species coalescent algorithm accommodating departures from the standard Kingman model (Eldon and Wakeley, 2006; Kingman, 1982) applied to specific families of elements could support simulation studies under different evolutionary conditions and help optimize sampling strategies for gathering sufficient informative SINE and LINE loci to complete large systematic projects. This would be especially advantageous for tackling difficult phylogenetic problems such as those associated with small effective populations or short divergence times between lineages under investigation.
Statistical evaluation of support for clades inferred with retroelement insertion data is another area open for further development, given that the bootstrap is not ideally suited for the small number of polarized characters in SINE and LINE data matrices (Sanderson, 1995; Shedlock and Okada, 2000) . Important progress has been made recently by Waddell et al. (2001) using likelihoodratio tests to evaluate whether a particular topology based on indels can be considered statistically significant. This has been especially valuable for determining the minimum number of loci required to achieve a 95% confidence interval on given nodes of a SINE cladogram. A related area of research is the integration of SINE and LINE insertions with DNA sequences flanking each informative retroposon locus. Lum et al. (2000) demonstrated the relationship between SINE trees and those inferred from associated flanking sequences is robust to assumptions of orthology for artiodactyl mammals. Hasegawa and colleagues have elaborated this approach to estimate divergence times of nodes established by retroelement insertion patterns using a relaxed clock with the Bayesian machinery of Thorne et al. (1998) and fossil calibrations (e.g., Nikaido et al., 2001) . In general the integration of retroposon insertion patterns, DNA sequences, and fossils offers an attractive program for helping assemble difficult branches in the Tree of Life initiative, such as those exemplified by basal therian mammals (Murphy et al., 2001 ) and avian interordinal relationships (Cracraft et al., 2004) .
It is likely that developing a population-genetic analytical framework for retroelements will help expand their use by molecular ecologists to study the geographic structure of populations. For example, the use of population-specific Alu polymorphisms is still largely underutilized in human forensics relative to other genotyping technologies and should also greatly facilitate primate conservation efforts (Ray, 2006) . Although much attention has been placed on using fixed loci to reconstruct cladograms of host species, unfixed polymorphic SINEs and LINEs in eukaryotic genomes offer a wealth of biallelic genetic markers that are identical by descent and can be used to reconstruct the demographic histories of subpopulations below the species level (Batzer and Deininger, 2001; Shedlock et al., 2004) .
Finally, it will be useful for systematists to refine existing informatics tools to help detect new elements de novo and reduce the ascertainment bias inherent to aligning relatively distant subject and query sequences in the incomplete genome database. One approach to this problem has been to focus on classifying elements based on transposable-element encoding protein sequence alignments, which are less prone to false positives from BLASTn-and BLASTx-like searches (Altschul et al., 1997; Jurka et al., 2005; Smit, 2006) . One drawback is that this does not allow one to classify short target elements of systematic interest lacking such coding sequence, most notably SINEs. However, one can take advantage of the fact that most SINEs are derived from tRNA to detect new SINEs in the genome (Churakov et al, 2004; Okada et al., 2004) . Tools such as tRNAscan-SE (Lowe and Eddy, 1997) may also facilitate in silico detection of novel SINEs that may not BLAST significantly to tRNA genes annotated in Genbank. A logical extension of this effort is to provide a phylogenetic context for subject retroelement sequences. Preliminary attempts to do this based on parsed BLAST searches are being developed by Malcolm (2006) . More restrictive phyogenentic comparisons of repeat types based on conserved domains of amino acid sequence such as the endonuclease and reverse transcriptase regions of retrotransposons (Malik et al., 1999; Xiong and Eickbush, 1990 ) may prove particularly helpful for diagnosing novel repeats from poorly explored genomes. However, developing such services poses considerable curatorial challenges for database managers to ensure that reliable phylogenetic results could be consistently obtained.
